A GUV multifilter radiometer was set up at Marambio, 64 • S 56 • W, Antarctica, in 2017. The instrument measures continuously ultraviolet (UV) radiation, visible (VIS) radiation and photosynthetically active radiation (PAR). The measurements are designed for providing high quality long-term time series which can be used to assess the impact of global climate change in the Antarctic region. The quality assurance includes regular absolute calibrations and solar comparisons performed at the site and at Sodankylä, Finland. The actual measurements continue the time series measured at Marambio with NILU-5
5012 (Asmi et al., 2018) . Aerosol chemistry is measured offline from the collected weekly filter samples (see e.g., Asmi et al., 2018) . Aerosol optical depth in the atmospheric column is measured with a PFR sun photometer which is part of the GAW-PFR network (Tomasi et al., 2015) .
GUV radiometer
The GUV radiometer, model GUV-2511, is a multifilter radiometer manufactured by Biospherical Instrument Inc. (BSI), US.
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The instrument was purchased to monitor UV, visible and PAR radiation at Marambio. The radiometer includes five channels at wavelengths in the UV and one channel in the visible part of the electromagnetic spectrum. The central wavelengths are at 305, 313, 320, 340, 380 and 555 nm, and the full width at half maximum (FWHM) is around 10 nm. In addition there is a seventh channel which measures PAR in the 400-700 nm wavelength region. Using the combination of different channels offers the possibility to retrieve cloud optical thickness and total ozone column. The instrument is environmentally sealed and 10 temperature-stabilized at 40 • C. It has a Teflon-covered quartz cosine collector. The instrument specifications, as provided by the manufacturer, are shown in Table 1 . Details of the GUV radiometer and its performance are described in Bernhard et al. (2005) . 
Data retrieval and products
The sampling rate of the GUV radiometer can be set to 1-20 Hz and one minute averages are automatically recorded using https://doi.org/10. 5194/essd-2019-227 Open Access Near real time data processing includes calculation of data products based on UV, VIS and PAR measurements. The main idea is that each UV product is calculated using a linear combination of calibrated irradiances measured at the five UV channels.
The coefficients are determined from solar comparisons between the GUV radiometer and a spectroradiometer following the 5 theory of Dahlback (1996) and Bernhard et al. (2008) as explained in Section 3.1. Bernhard et al. (2005) showed that GUV multifilter UV data was within 3% from data from a well calibrated spectroradiometer for solar zenith angles (SZAs) smaller than 80 • . In addition to UV products, VIS radiation and PAR are measured using the 555 nm and 400-700 nm channels, respectively. Total ozone is calculated using lookup tables and the ratio of irradiance measured at 305 nm(a wavelength strongly attenuated by ozone) and 340 nm (a wavelength weakly attenuated by ozone). The complete list of products including several 10 biologically weighted UV dose rates and doses and their references can be found in Table 4 .4. of Bernhard et al. (2008) . Table 2 summarizes the products calculated from the GUV measurements at Marambio. 3 Quality assurance of the measurements
The quality assurance of the GUV measurements is based on regular absolute calibrations and solar comparisons against high quality spectroradiometers. The FMI has purchased two GUV radiometers in order to avoid gaps in measurement time series.
Those two instruments rotate so that one is measuring at Marambio, while the other one is calibrated and compared against reference instruments. Solar comparison is performed each time when the instruments are switched, to detect possible drift or 5 jump in the calibration scale.
Solar comparisons against spectroradiometers are performed at Sodankylä 67 • N, in Finland. As the site is located at high latitudes, similar to Marambio, the atmospheric path of UV radiation reaching the surface is similar at both locations: long path in the atmosphere due to high SZAs, which means more ozone absorption and scattering than at lower SZAs. Sodankylä can be classified as an Arctic site from the point of view of stratospheric meteorology. This means that, as Marambio, the station 10 can be located inside, outside or at the edge of the stratospheric Arctic polar vortex, and severe spring time stratospheric ozone loss can occur.
Solar comparisons make it possible to use comparable irradiance scales in both Marambio and Sodankylä. For example, by comparing UV levels at the Arctic and Antarctic location, the effect of ozone loss events on UV radiation can be studied.
Absolute calibration 15
Both GUV-2511 radiometers (serial numbers #162 and #163) were vicariously calibrated at BSI in April 2016 against measurements of a SUV-100 spectroradiometer that is part of the NSF UV Monitoring Network (Booth et al., 1994) . GUV and SUV instruments were installed side by side on the roof platform of BSI in San Diego, California. The SUV-100 measures spectra of global irradiance between 290 and 600 nm with a spectral resolution of 1 nm. The GUV radiometer with serial number 163 was recalibrated at BSI in April/May 2019 using the same approach.
The calibration method is identical to the method described in Section 4.3 of Bernhard et al. (2008) . The procedure is based on the work by Dahlback (1996) . In brief, uncalibrated, dark signal corrected measurements of each channel of the GUV radiometers are regressed against cosine error corrected measurements of the SUV-100 spectroradiometer. Measurements of 5 the SUV-100 are weighted with the spectral response functions of the GUV prior to performing the regression. The procedure results in a calibration factor ki for each channel of the GUV. Calibration factor established for GUV #163 in 2016 and 2019 agree to within ±2% with the exception of the channel at 305 nm, which drifted by ±5%. A sensitivity change of this magnitude is not uncommon for a new instrument and typically diminishes over time.
Calibrated measurements are finally calculated by dividing the GUVs' raw data with these calibration factors. Measurements 10 of the GUVs' PAR channel are calibrated slightly differently (Bernhard et al., 2008) .
Because the SUV-100 data were weighted with the GUV's response functions, calibrated measurements of the GUV are "response-weighted" irradiances (Seckmeyer et al., 2010) . The conversion from response-weighted irradiance to useful data products D, such as spectral irradiance for a given wavelength, erythemal irradiance, or the UV index, is performed with the method suggested by Dahlback (1996) . In brief, D is approximated by a linear combination of the dark signal corrected signals 15 of the GUVs' UV channels V i :
where the coefficients a i depend on the calibration factors k i and the action spectrum of the biological effect of interests (e.g., erythemal response). The coefficients are determined by solving a system of linear equations as described by Bernhard et al. (2008) , taking into account the conditions at the deployment site (e.g., range of total ozone and surface albedo). A 20 comprehensive validation of the conversion method can be found in the paper by Bernhard et al. (2005) .
Total ozone column is calculated from GUV measurements with lookup tables, which relate total column ozone to SZA and the ratio of GUV measurements at 305 and 340 nm. The retrieval algorithm is similar to the method described by Stamnes et al. (1991) . Lookup tables are calculated with the radiative transfer model UVSPEC/libRadtran (Mayer and Kylling, 2005) and resulting model spectra are weighted with the GUV response functions at 305 and 340 nm. On average, GUV total ozone 25 data agree with OMI data to within ±5% for SZA smaller than 75 • . At larger SZA, differences become greater due to the dependence of the retrieval on the vertical distribution of ozone in the atmosphere. Also noise in the GUV 305 nm channel affects the ability to calculate total ozone with good precision at large SZAs. A systematic comparison of GUV and TOMS total ozone measurements at several sites was performed by Bernhard et al. (2005) .
Comparisons against spectroradiometers at Sodankylä 30
The GUV radiometer measurements were compared against high quality spectroradiometer measurements during each Northern Hemisphere summer since 2016 (Table 3 ). The comparisons were performed at the measurement platform next to the sounding station of the FMI Arctic Space Centre in Sodankylä. The FMI has two Brewer spectroradiometers, which routinely measure UV spectra about every half hour . The measurements are cosine error corrected (Lakkala et al., 2018a ) and the irradiance scale is traceable via the National Standard Laboratory MIKES, Aalto University, Finland, to the scale maintained by the National Research and Testing Institute (SP) Lakkala et al., 2008) . As the measurement of a Brewer UV spectrum takes around 3 minutes while the GUV radiometer records irradiances averaged over one minute, the three minutes averages of GUV measurements were used in the comparison. UV indices calculated from Brewer 5 #37 spectra and from GUV irradiances were compared and results are shown as function of SZA in Fig. 2 .
The first comparison was made in August 2016, right after the radiometers were purchased and before the first one was sent to Marambio. For SZAs lower than 60 • , UV indices measured by both GUV radiometers agreed within 1% of each other and the Brewer spectroradiometer. After the comparison, the GUV radiometer #163 was sent to Antarctica and continuous measurements started there in March 2017.
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The GUV radiometer #162 stayed in Sodankylä and was compared with the Brewer UV indices during the next years, in June 2017 and July 2018. The sky was clear from clouds during the comparisons. UV indices agreed within 3% for SZAs smaller than 60 • in 2017. In 2018, the differences ranged from 2 to 6 %, depending on the SZAs. The SZA dependency was due to the non-corrected angular response of the GUV radiometer. Non-perfect leveling might have caused small azimuth dependency in 2018.
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The portable UV world reference spectroradiometer QASUME from the World Calibration Center for UV (WCC-UV) at the Physikalisch-Meteorologisches Observatorium Davos, World Radiation Center (PMOD/WRC) visited Sodankylä for a site audit in June 2018. QASUME is a double monochromator spectroradiometer, whose solar UV irradiance measurements are traceable to the primary spectral irradiance standard of the Physikalisch-Technische Bundesanstalt (PTB), Germany, (Gröbner and Sperfeld, 2005) . The expanded relative uncertainty (coverage factor k=2) of solar UV irradiance measurements is 3.1% 20 for SZAs smaller than 75 • (Hülsen et al., 2016) . The GUV #162 was measuring on the site during the audit and the ratios of UV indices derived from it's measurements and QASUME's spectra were calculated. The results are shown in Fig. 2 . The weather was unstable during the whole week when the comparisons were made, with changing cloudiness and rain. The day with the thinnest clouds was chosen and spectra measured under rapidly changing cloudiness were excluded from the analysis.
The results show that the GUV radiometer UV indices were within ±5% from the QASUME UV indices for SZA lower than 25 60 • . Although measurements performed during rapidly changing cloudiness were excluded from the analysis, the influence of changing cloudiness during the Brewer scan can be indentified as the outlier in Fig. 2 , at around SZA 56 • on 5 June 2018. 
Solar comparison at Marambio
At Marambio, the first switch of the GUV radiometers occurred in November 2018. The GUV #162 was set up next to the GUV #163, which had measured continuously for nearly two years at Marambio. The two instruments measured simultaneously for two weeks before the GUV #163 was packed and shipped for recalibration. The results of the comparison show a difference of 4 -6% for SZAs smaller than 60 • (Fig. 3 ). Such differences were expected, as it is common for filter radiometers that the 5 wearing-in of Teflon diffuser introduces small changes in the response of channels during the first years of measurements. at longer UVA wavelengths (Fig. 5) , following the ozone absorption spectrum. Elevated UVB dose rates are detected in the spring and in the summer (Fig. 5c ). The peak in October-November is due to ozone hole, when the station is located below the stratospheric polar vortex. The reasons for the observed UV features are analyzed and discussed in more detail in Aun et al. (2019) .
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Variations in VIS and PAR are dominated by variations in cloudiness. Rapidly changing cloudiness is typical in Marambio , which is seen as high daily variation in all radiation measurements: UV, VIS and PAR. Surface albedo is higher during the spring months than during the summer months, which increases measured radiation in the spring at both shorter UV wavelengths and longer VIS and PAR wavelengths. This results in non-symmetric distribution of daily maxima; The studied datasets of UV irradiances, visible and photosynthetically active radiation are freely available at Zenodo, http://doi.org/10.5281/zenodo.3553634 .
Discussion and Conclusions
Marambio's new GUV multifilter radiometer measurements cover the spectral range from the UV to the VIS, and thus can be 5 used for assessing the spectral effects of changes in factors affecting the amount of solar UV and VIS radiation at the surface: aerosols, albedo, cloudiness and total ozone. Those factors are also influenced by climate change, and thus the measurements serve as important tools for assessing effects of climate change on the Antarctic environment.
The recovery of the stratospheric ozone layer has started (WMO, 2018) and the GUV total ozone measurements will be used to assess features of the recovery in Antarctica. The signs of the recovery can be detected by the UV channels of the radiometer, (Lakkala et al., 2018b) . For comparison: at Arctic sites the spring time stratospheric ozone loss doesn't increase UV levels to reach the yearly maxima, even during years with severe ozone depletion (Bernhard et al., 2013) . In the Arctic, UV index maxima are observed in the summer. For example in Sodankylä, Finland, which is a site affected by stratospheric ozone loss, a maximum UV index of 6 has been measured in the summers of the years 2011 and 2013 .
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The Antarctic UV measurements of Marambio can be directly compared to the Arctic UV measurements using the results from solar comparisons between Marambio's GUV radiometer, PMOD-WRC and FMI's spectroradiometers in Sodankylä. The results show that the measurements agreed within ±6% for SZA < 60 • . These yearly comparisons with Arctic measurements are possible because two GUVs have been purchased for Marambio's measurements: one is measuring at Marambio, while the other is participating in solar comparisons. In addition, regular absolute calibration against high-quality spectroradiometers is 25 part of the quality assurance. The first re-calibration occurred in the spring of 2019. Both solar comparisons and regular absolute calibrations are crucial to obtain homogenized long-term time series, which can serve multidisciplinary research communities.
In addition, these high-quality measurements can be used for validation of satellite data, e.g., validation of UV products based on TROPOMI measurements on board the Sentinel-5 Precursor satellite (Lindfors et al., 2018) . They are highly valuable, as the ground based measurement network is very sparse at high latitudes.
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Ultraviolet radiation products calculated from Marambio's GUV measurements include UV dose rates and doses calculated using 10 different biological action spectra related to UV effects on, e.g., skin, plant, anchovy and phytoplankton. All these UV products can be used when assessing the effects of climate change on the whole Antarctic ecosystem. The effects are not self-evident even though the melting of ice sheet and snow (e.g., Shepherd et al., 2018) due to temperature increase (Steig et al., 2009 ) is well recognized. The uncertainty is mostly due to complicated atmosphere-sea-land feedback mechanisms, (e.g., Wang et al., 2019) . In future, GUV's VIS radiation time series can be used together with ceilometer measurements and synoptic cloud observations to assess the impact of climate change on cloudiness. Together with the ongoing albedo and aerosol measurements in Marambio they form a complex measurement system for atmospheric radiation studies. 
